The redox behaviour of a potential anticancer organic compound, 5,8-dihydroxynaphthalene-1,4-dione (DND), was investigated in 1 : 1 buffered aqueous ethanol using cyclic, differential pulse, and square wave voltammetry. The redox processes were found to occur in a pH-dependent diffusion-controlled manner. Presence of an a-hydroxyl group stabilised semiquinone radical of DND, formed by the gain of 1 e À and 1 H þ , prevented the second step reduction, which is in contrast to the general mechanism previously reported for quinines in protic and aprotic media. In addition, our results supported an independent oxidation and reduction process. Square wave voltammetry provided evidence about the reversible and quasi-reversible nature of oxidation and reduction peaks. Based on the voltammetric results, the electrode reaction mechanism of DND was proposed. Parameters including pK a , transfer coefficient, diffusion coefficient, and electron transfer rate constant were evaluated. The values of pK a obtained from cyclic voltammetry and ultraviolet-visible spectroscopy not only agreed with each other, but also with reported values of structurally related compounds evaluated by other techniques.
Introduction
Quinones are widespread in nature as they have a vital role in many biological electron transfer processes including respiration and photosynthesis. These compounds are bestowed with fungicidal, antibacterial, and anticancer activities. [1, 2] Fungal diseases are classified as superficial and systemic depending upon the affected areas of the body. Most antifungal drugs suppress the growth of fungal reservoirs but in turn the fungal strains develop resistance. Hence, efficacious antimycotic agents are required. Naphthoquinones, being fungicidal and anticancerous, are gaining growing attention in this regard. Quinones, being the defensive chemicals of various plants, are commonly used for the study of oxidative stress. These compounds are important to scientists because many chemotherapeutic agents contain the quinone functionality. The biological importance of quinones is linked with their ability to accept electrons to form radical anions or dianions. The redox properties of these compounds are governed by the electron-donating or electron-withdrawing substituents attached to the basic framework. [3] In biological systems, quinone toxicity is associated with reduction of the quinone moiety to the semiquinone radical, which in turn results in the reduction of oxygen thus converting it to the superoxide anion radical. [4] Naphthoquinones are used in the preparation of dyes as these pigments typically display variable colours with the change of pH. [5] Naphthoquinone pigments employed in cosmetics are of dual importance because of their stability as a colouring agent and broad range of activities such as antiphlogistic, antibacterial, and antiviral. [6, 7] Ultraviolet-visible (UV-Vis) spectroscopy is commonly employed for the study of naphthoquinones as these compounds have intense colours. [8] Since quinones and naphthoquinones are important in redox systems, study of their redox behaviour could be very helpful in understanding the mechanism of action in compounds such as anti-tumour agents. The voltammetric behaviour of quinones including naphthoquinones has been extensively studied in nonaqueous and unbuffered aqueous media. [9] [10] [11] However, the detailed electrochemical fate of these compounds in aqueous media of different pH is yet to be explored. Inspired by the wide applications of this class of compound, the redox mechanism of the biologically important agent naphthoquinone 5,8-dihydroxynaphthalene-1,4-dione (DND), unexplored in protic solvent, was studied using three electrochemical techniques over a wide range of pH. Contrary to previous studies of closely related compounds in aprotic solvents, [12] [13] [14] [15] the results of our experiments evidenced the independent nature of oxidation and reduction.
Experimental

Materials and Reagents
In this work, 5,8-dihydroxynaphthalene-1,4-dione (Scheme 1) from Sigma was used without further purification. A 2.5 mM stock solution was prepared in analytical grade ethanol and stored at 258C. Working solutions of the compound were prepared in 50 % aqueous ethanol solvent. All supporting electrolytes whose composition is given in Table 1 were prepared using analytical grade reagents and doubly distilled water. Microvolumes were measured using EP-10 and EP-100 Plus Motorized Microlitre Pipettes (Rainin Instrument Co. Inc., Woburn, USA). All experiments were carried out at room temperature (25 AE 18C).
Equipment and Measurements
Voltammetric experiments were performed using mAutolab running with GPES 4.9 software (Eco-Chemie, The Netherlands). A glassy carbon electrode (GCE) with an electroactive area of 0.071 cm 2 was used as working electrode. A Pt wire and saturated calomel electrode (SCE) were employed as counter and reference electrodes. Before every electrochemical experiment, the surface of the GCE was polished with alumina powder followed by thorough rinsing with distilled water. For reproducible experimental results, the clean GCE was placed in supporting electrolyte solution and cyclic voltammetry (CV) was conducted until a voltammogram with a steady-state baseline was obtained. All voltammetric experiments were conducted under a high purity argon atmosphere. Differential pulse voltammetry (DPV) was carried out at 10 mV s À1 scan rate. For square wave voltammetry (SWV) the experimental conditions were 20 Hz frequency with 5 mV potential increments, corresponding to an effective scan rate of 100 mV s
À1
. Absorption spectra were recorded on a Shimadzu 1601 spectrophotometer and the pH measurements were carried out with a Crison micro pH 2001 pH-meter with an Ingold combined glass electrode.
Results and Discussion
Cyclic Voltammetry of 5,8-Dihydroxynaphthalene-1,4-dione (DND) CV of 0.2 mM DND at a GCE was carried out between þ1.5 and À1.5 V. As shown in Fig. 1a , a reduction peak at À0.25 V and an oxidation peak at À0.16 V were observed. In the positive scan, an oxidation peak was also observed at þ0.69 V. Peak clipping experiments showed oxidation and reduction of DND to occur independently. In peak clipping experiments, the voltammograms are recorded by starting the potential scan from different initial values. When the potential was scanned from 0 to À1.5 V and back to 0 V, a single reduction peak at À0.25 V was observed in the forward scan with corresponding oxidation peak at À0.16 V in the backward scan. The peak at À0.16 V did not appear when the potential was scanned from À1.5 to 0 V. Hence, this peak is due to the oxidation of the reduction product formed at À0.25 V. Similarly the scanning of potential from 0 to þ1.5 V and back to 0 V resulted in the appearance of an oxidation peak at þ0.69 V in the forward direction and a small reduction peak of the oxidation product at þ0.33 V in the backward direction. The peak at þ0.33 V was not evidenced when the potential was scanned between þ1.5 and 0 V. Hence, this peak is due to the reduction of the oxidation product of DND formed at þ0.69 V. These experiments indicate the independent nature of oxidation and reduction of DND due to the presence of oxidisable and reducible electrophores in its structure. Hence, further cyclic electrochemical experiments of DND oxidation and reduction were carried out separately. Five successive potential scans of 0.2 mM solution of DND are shown in Fig. 1b . No decrease in current intensity of the peak at À0.16 V with successive scans inferred the reduction product not to adsorb at the electrode surface.
For examining the effect of pH on the reduction mechanism of DND, CVs were recorded at different pH ranging from 1.3 to 12.8 using 0.2 mM solution of the analyte. Before every experiment, the solutions were well saturated with argon to avoid the interference of oxygen reduction. Fig. 2a demonstrates the cathodic shifting of the reduction peak with increasing pH, indicating facile reduction of DND at low pH values. In strongly alkaline conditions cathodic peaks (Fig. 2b) were no more recognisable thus suggesting high pH media to be unfavourable for the reduction process of DND. A plot of peak potential as a function of pH followed a linear trend according to the equation E pc /V ¼ À0.033 À 0.052pH (pH 1.3 to 8.0). The slope of 52 mV pH À1 unit is close to the theoretical value of 59 [16] indicating the reduction of DND to occur by the involvement of 1 e and 1 H þ . The effect of scan rate on peak current and potential of DND was examined at pH 4.2. With increasing scan rate, the peak potential of DND could no t remain at the same position thus indicating the quasi-reversible nature of the redox process. A plot of peak current vs square root of scan rate gave a straight line with slope equal to 2.08 Â 10
. The linearity of the plot evidenced the reduction process to be limited by diffusion. [16] The diffusion controlled nature of the process was also supported by a linear log I pc vs log n plot with a slope of 0.46, which is within experimental error of the theoretical value of 0.5 for a diffusion-controlled process. [17] A diffusion coefficient of 3.73 Â 10 À5 cm 2 s À1 was evaluated using E pc -E pc/2 ¼ 77 mV, a c n ¼ 0.623 and n ¼ 1 (determined from DPV).
The heterogeneous electron transfer rate constant was determined to obtain insights on the kinetics of the redox process.
À1
. This value is in the range of a quasi-reversible electrode process. [18, 19] For the study of electro-oxidation of DND, its cyclic voltammogram was first recorded in a medium buffered at pH 4.2 between À0.1 to 1.4 V with a starting potential of 0 V. As shown in Fig. 3 , a well defined oxidation peak at þ0.72 V and a small reduction peak at þ0.33 V were observed. Fig. 3 also displays CVs recorded at pH between 1.3 and 12.9. With the rise in pH, peak potential shifted in the negative direction indicating facile electron abstraction in alkaline conditions. As shown in Fig. 3c , a new oxidation peak in the potential range of 0.51 to 0.59 V appeared when the pH was between 9.0 and 12.9. This is attributed to the oxidation of the hydroxy-adduct of DND. The adduct formation of some other hydroxyl quinones is also reported in the literature. [20] It can be seen in Fig. 3a , b that the profiles of DND curve are the same in the pH range of 1.3 to 6.2, indicating that the oxidation of DND and reduction of its oxidation product follow the same reaction mechanism in these pH media. However, with the increase of pH, the oxidation potential (E pa ) changed its location towards less positive values. The shift of E pa to less positive values indicates an increase in the nucleophilicity of DND and that its antioxidant activity is favoured at higher pH. Moreover, in solutions of pH $ 7.5, the reduction peak of DND was not observed in the reverse scan due to the instability of the DND oxidation product resulting in the appearance of voltammograms showing an irreversible oxidation process.
The E pa vs pH plot (Fig. 4) , with a slope of 59 mV per pH unit, suggested the involvement of the same number of electrons and protons. pK a (the pH above which the compound exhibits only electron transfer reaction) showing chemical protonationdeprotonation was found to be 8.83. The value is well within the range of pK a s reported for several other compounds structurally related to DND. [21] [22] [23] At pH 9.0-12.9, oxidation of DND occurred by the abstraction of electron only. Hence EC (electron transfer reaction followed by chemical reaction )/CE (chemical reaction followed by electron transfer reaction ) mechanism switched to EE (electron transfer reaction followed by electron transfer reaction) mechanism after pK a .
Differential Pulse Voltammetry
DPV was performed to determine the number of electrons involved in the oxidation and/or reduction process and for correlation of the results obtained from cyclic voltammetry. Similar to CV, DPV was also carried out separately for oxidation and reduction processes. DP voltammograms of 0.2 mM solution of DND recorded in different supporting electrolytes of pH 1.3 to 7.5 can be seen in Fig. 5a . The electro-reduction of DND was found to occur by the gain of a single electron as evidenced by the half peak width (W 1/2 ) value of 98 mV, which is close to the theoretical value of 90 mV. [20] The E pc vs pH plot (Fig. 5b ) showed a slope of 53 mV per pH unit, which supported the CV results of DND reduction to occur by the involvement of the same number of electrons and protons. DP voltammograms for the oxidation of DND are displayed in Fig. 6 . A broad anodic peak with W 1/2 ¼ 191 mV at pH 4.2 suggested the overlapping of peaks corresponding to two one-electron transfer oxidation processes. Similar to CV, other oxidation peaks at high positive potential corresponding to the oxidation of a hydroxy adduct and enolic form of DND also appeared in DPV. 
Square Wave Voltammetry of DND
SWV of a 0.2 mM DND solution was performed separately for oxidation and reduction regions to study the electrochemical reversibility of electrode processes. Similar to CV, SWV results (Fig. 7a) showed a quasi-reversible nature of DND reduction. However, a dramatically different situation from CV was observed when the oxidation of DND was examined. Unlike cyclic voltammetry, DND signalled a reversible anodic peak as demonstrated by the square wave voltammograms shown in Fig. 7b . This behaviour can be explained by the high speed analysis and ability of SWV to record the forward and backward current components in only one scan. The electroactive oxidised product of DND is not fully captured in the time domain of CV due to time lag in the recording of forward and backward scans.
Proposed Redox Mechanism
The independent nature of DND oxidation and reduction was evidenced by all three voltammetric techniques employed in this work. On the basis of the results obtained from CV, SWV, and DPV the following electrode reaction mechanism was proposed:
Reduction
The W 1/2 value close to 90 mV (from DPV) and slope of 52 mV pH À1 of E pc vs pH plot (CV results) suggested the reduction of DND to occur by the involvement of one electron and one proton. The proposed reduction mechanism in the pH interval 1.3-8.0 is depicted in Scheme 2. Addition of a single electron and a single proton results in the formation of a semiquinone radical stabilised by hydrogen bonding of the hydroxyl group of DND, which makes the second reduction step difficult and hence an additional reduction peak is not observed in the potential window of GCE. Stabilisation of semiquinone has been reported in literature for a-hydroxy naphthoquinones using aprotic media such as DMSO where the second reduction step occurs at potentials more negative than À0.6 V. [24, 25] Oxidation The E pa vs pH plot shows oxidation of DND to occur by the transfer of equal numbers of electrons and protons. W 1/2 value of 191 mV predicted the overlapping of two 1e À transfer steps suggesting that the energy difference between removal of the first and second electron is not enough to resolve them as separate peaks. Based on these results, the oxidation mechanism of DND presented in Scheme 3 was proposed. The reason why DND oxidation could not proceed via a 2 e À -2 H þ process in a single step is that the stabilisation of the 1e À oxidation product by six resonance structures causes the abstraction of the second electron to occur at a higher potential, resulting in overlapping of two oxidation peaks rather than a single peak.
Electronic Absorption Spectroscopy
UV-Vis spectroscopy of a 0.125 mM solution of DND was carried out to understand its electronic absorption behaviour in the pH range 1.2-12.9. The spectrum of DND displayed in Fig. 8 showed a broad band of overlapping peaks in the range of 400-560 nm consistent with the reddish pink colour of the solution and a rather sharp band at 270 nm attributed to p-p* transitions of the quinonoid structure. Drastic changes in the spectral characteristics were noticed with increasing pH. All peaks were slightly dislocated bathochromically as the pH changed from 1.2 to 4.2. In the pH regime 7.5-12.9 the solution changed its colour from light violet to royal blue with a correspondingly larger bathochromic shift. The reason for such a spectral response can be attributed to deprotonation of DND thus resulting in a negative charge on the oxygen atom, with correspondingly higher electronic density for the p-p* transition. From acidic to basic pH, absorption maxima related to p-p* transition of the sharp band decreased while the broad band absorbance (n-p*) increased. The former is associated with the quinonoid structure including C¼O groups while the higher absorbance intensities at 270 nm could be attributed to the fact that doubly bonded oxygen atoms are stabilised at lower pH values. In fact the compound can exist in keto and enol tautomeric forms with the keto form being more stable in acidic media. [22] As the pH of the medium is increased, the percentage of enolic form increases and hence a decrease in the intensity at 270 nm is observed with the concomitant increase in the intensity of the broad band at 400-560 nm. The bathochromic shift at higher pH values can be explained in terms of deprotonation phenomenon. The deprotonation of the enolic form of DND takes place in a stepwise manner giving monoprotonated and dideprotonated forms. The appearance of three isosbestic points in the electronic absorption spectra of the compound obtained in different pH media suggests the presence of neutral, monoprotonated, and dideprotonated forms. The pK a of DND with a value of 8.89 was evaluated from the plot of absorbance vs pH (Fig. 9 ) at 268 nm owing to the pronounced variation of absorbance at this wavelength. The pK a is in very good agreement with 8.83, obtained from CV. Our results justify the validity of Idriss and Saleh's research work who determined a pK a value (8.2) of DND by potentiometric titration. [24] 
Conclusion
The voltammetric behaviour of 5,8-dihydroxynaphthalene-1,4-dione (DND) in buffered aqueous ethanol media was found quite different from usual protic and aprotic solvents. DND was found to oxidise and reduce independently at a glassy carbon electrode in the pH range 1.3-12.9. The results of UV-Vis spectroscopy revealed the occurrence of DND in keto and enol forms. Reduction of DND, involving the gain of electron and proton, resulted in the formation of a semiquinone radical that was stabilised by intramolecular hydrogen bonding as evidenced by the absence of a second reduction peak. A broad oxidation peak in the positive realm helped to conclude that the hydroxyl groups (at positions 5 and 8) of DND to oxidise in two one-electron transfer pH-dependent processes. The detailed electrochemical probing enabled us to propose the redox mechanism of DND and thus predicted the possible pathway of biochemical actions of this class of compounds in biological systems where its properties are completely attributed to redox cycling.
